Introduction
Diterpenoid isosteviol 1 (16-oxo-ent-beyeran-19-oic acid, Figure 1 ) was known for a long time ago. It was first obtained in 1931, [1a] the structure of ent-beyerane oxoacid was assigned to isosteviol in 1955, [1b] and its structure was finally confirmed by X-ray diffraction in 1988.
[1c] Though isosteviol 1 has two very reactive groups, the literature from 1955 till 1998 has provided only 6 papers concerned with chemical transformations of this diterpenoid. [1d-i] Only starting from 1998, isosteviol 1 attracted a great attention of chemists, and a number of papers about its chemical modifications sharply increased. Towards the beginning of 2013, several hundred isosteviol derivatives have been synthesized and described in literature. [2] Recent papers concern with novel diesters, [3a] glycosides, [3b] novel nitrogen-Macrocycles on the Basis of Diterpenoid containing heterocyclic derivatives, [3c-e] and the conjugates with thioureas. [3f,g] Among all isosteviol derivatives macrocycles comprised of one, two and more isosteviol molecules [4a-e] attract major attention. The matter is that all macrocyclic diterpenoids isolated from higher plants, corals, and algae represent 11-to 14-membered macrocycles containing in some cases a fused cyclopropane, cyclopentane or cyclohexane ring. [5a-c] In all these secondary metabolites a macrocycle is a diterpenoid molecule as a whole (Figure 2a ). Absolutely different structure of macrocycles containing diterpenoid moieties was implemented on the basis of isosteviol 1. [4a-e] A macrocycle was closed around the molecule of this secondary metabolite [4b] as it is schematically shown in the Figure 2b , or coupled two isosteviol molecules [4a,c-e] (Figure 2c ), or even contained four isosteviol molecules [4e] (Figure 2d ). The analysis of papers mentioned [4a-e] shows that systematic investigation of synthetic approach to macrocycles possessing several isosteviol molecules was not carried out. Binuclear macrocycles 2c in which two isosteviol molecules were coupled with each other by diester and anhydride linkers were first obtained as byproducts in 5-7 % yields. [4a] The first attempt to synthesize macrocycles comprised of several isosteviol molecules led to complicated mixtures of polynuclear macrocycles which were not separated. [4b] The chloro-anhydride pathway for macrocyclization of isosteviol 1 proposed later afforded binuclear macrocycle of 2c type in which two isosteviol molecules were connected by three diester linkers in 61 % yield.
[4c] Recently the chloro-anhydride pathway was successfully used for the synthesis of several bi-and tetranuclear macrocycles in which isosteviol molecules were bound by dihydrazide and hydrazone linkers.
[4e]
Herein, we describe our way to bi-and tetranuclear macrocyclic isosteviol derivatives, compare tosylate and chloro-anhydride approaches to the synthesis of such macrocycles, and report the synthesis of several novel macrocyclic isosteviol derivatives.
Experimental

General
NMR experiments were carried out with Avance-400 (Bruker) spectrometer in CDCl 3 at 400 MHz at 30 ºС. High resolution MALDI mass spectra were obtained with a time-of-flight mass spectrometer Ultraflex III TOF/TOF (Bruker Daltonik GmbH, Bremen, Germany) equipped with a Nd:YAG laser and a collision cell. The spectra of positive ions were recorded in a reflectron modе and were processed using the software FlexAnalysis 3.0 (Bruker Daltonik GmbH, Bremen, Germany). Mass accuracy was better than 4 ppm. A solutions of analyte samples in CHCl 3 at a concentration of 1 mg/mL were used. Internal calibrations were performed with PEG-1000 or PEG-1500 solutions that mixed with a solutions of analyte samples in the ratio 1:1 v/v. 2,5-Dihydroxybenzoic acid (5 mg/mL in methanol) was used as a matrix. The dried-droplet spotting technique was applied in preparing a matrix and analyte solutions. After application of 0.5 mL of each solution to the target plate MTP AnchorChip TM (Bruker Daltonik GmbH, Bremen, Germany), a solvent was allowed to evaporate under ambient conditions, and then the plate was inserted into the mass spectrometer for analysis. IR spectra of the compounds synthesized were recorded with Bruker Vector-22 Fourier spectrometer in the wavenumber range from 400 to 4000 cm -1
. Melting points of substances were determined on a BOETIUS V.E. Kataev et al. compact heating All solvents were dried according to standard protocols. Isosteviol 1, dihydroisosteviol 4, diacid 6, and diacid dichloride 20 were prepared according to the literature. [7,4c,8] The physicochemical properties of these compounds agreed with those published.
Syntheses
Bis (19-nor-4a-chlorocarbonyl-ent-beyeran-16-yl)-hexane-1,6-dicarboxilate (19) . To a solution of diacid 5 (0.2 g, 0.26 mmol) in dry CH 2 Cl 2 (6 mL) was added thionyl chloride (1 mL), the mixture was refluxed for 6 h under argon, and the excess thionyl chloride was then removed under reduced pressure. After addition of CH 2 Cl 2 , the mixture was stirred, the solvent was removed under reduced pressure, and the precipitate was dried in vacuo. Yield: 0.21 g (100 %). IR (KBr) ν cm -1 : 1718, 1796 (C=O). General procedure for the tosylate pathway synthesis of the macrocycles. A solution of diol ditosylate (0.25 mmol) in CH 3 CN (15 mL) was added to a solution of diacid 5 (or 6) (0.25 mmol) in CH 3 CN (50 mL) in the presence of K 2 CO 3 (0.7 mmol) under argon. The mixture was heated for 30-35 h, evaporated, a precipitate was diluted with water and then shaken with chloroform. The organic layer was dried with MgSO 4 , the solvent was removed under reduced pressure, and then a precipitate was crystallized or purified using chromatography.
General procedure for the chloro-anhydride pathway synthesis of the macrocycles. To the solution of freshly prepared diacid chloride (0.25 mmol) 19 (or 20) in CH 2 Cl 2 (15 mL) triethylamine (0.07 mL, 0.50 mmol) and diol solution (0.25 mmol) in CH 2 Cl 2 (10 mL) at room temperature under argon were added. The mixture was refluxed for 26 h. After removing the solvent under reduced pressure, a precipitate was purified using chromatography. 2, 11, 14, 12(16, 10, 13, 2, 11, 14, 12(16, 10, 13, 2, 11, 14, 12(16, 10, 13, 2, 11, 14, 23, 26, 35, 38, 12, 25, 36(16, cyclooctatetracontaphane-3,10,13,24,27,34, 37,48-octaone (10 2, 11, 14, 21, 24, 33, 36, 12, 23, 34(16, cyclotetratetracontaphane-3,10,13,22, 25,32,35,44-octaone (11 2, 11, 14, 17, 20, 29, 32, 12, 19, 30(16, cyclohexatriacontaphane-3,10,13,18,21, 28,31,36-octaone (12 2, 13, 16, 14(16, 12, 15, 2, 13, 16, 14(16, 12, 15, 2, 13, 16, 14(16, 12, 15, Macrocycles on the Basis of Diterpenoid
X-Ray Crystallography
The data collection for crystals of compounds 6, 9, 13, 15 was carried out on a Bruker AXS SMART APEX II diffractometer equiped with a graphite-monochromated MoK radiation (λ=0.71073 Å) using the ω scan mode over the 2θ range up to 54°. The measurements were performed at room temperature. All data sets were integrated using SAINT [6a] as implemented in the APEX2 software package.
[6b]
Semiempirical absorption correction was carried out using program SADABS.
[6c] The structures were solved by direct methods using SHELXS and refined using SHELXL programs.
[6d] The structural refinement was performed on F 2 using all data. All calculations were performed using WINGX
[6e] crystallographic suite of programs. The drawings of molecular structures were prepared using Platon for Windows Taskbar v.1.15.
[6f] and Mercury 3.1.
[6g] The crystal data and refinement parameters are listed in Table 1 . All non-hydrogen atoms were refined anisotropically, the hydrogen atoms being placed in calculated positions and treated as riding on their parent. The linkers of compounds 6 and 9 are disordered over two positions with occupancy 0.37:0.63 and 0.39:0.61 respectively.
The X-ray crystal structure data for 6, 9 
Results and Discussion
Initiating the synthesis of bi-and tetranuclear macrocyclic isosteviol derivatives we considered that exactly binuc-lear isosteviol derivatives 3 (Figure 3 ) obtained by interaction of dihydroisosteviol 4 with dicarboxylic acids chlorides [9] can be used as suitable starting compounds. The reason is that molecular structures of diacids 3 depend on the length of diester linker bonding two isosteviol fragments (Figure 3) . According to the X-ray data, [10] when n = 1 (or 4), diacid molecules have completely folded tweezer-like structure of 3a kind (Figure 3 ) with one isosteviol moiety overhanging another. On the contrary, when n = 6, diacid molecules have completely unfolded structure of 3b kind (Figure 3 ) in which isosteviol moieties were moved far apart. [10] It was evident for us that a reaction of both diacid having tweezer-like structure 3a and diacid having unfolded (2) 293 (2) 296 (2) 296 (2) Space group C2 P212121 P1 P212121 V.E. Kataev et al. structure 3b (Figure 3 ) with a binucleophile having a length which agrees closely with the distance between the COOH groups of diacids should afford binuclear macrocycles of 2c kind ( Figure 2 ). We also were sure that a reaction of diacid having unfolded structure 3b (Figure 3 ) with a binucleophile having the length which is much less than the distance between the COOH groups of diacid should lead exclusively to a tetranuclear macrocycle of 2d kind ( Figure 2 ). To examine this hypothesis we carried out the reactions of diacid 5 [9] which, according to X-ray data, [10] has unfolded structure 3b with ditosylates of 1,8-n-octanediol, 1,6-nhexanediol, and ethylene glycol (Scheme 1). To obtain diacid 5, firstly isosteviol 1 was converted to the dihydroisosteviol 4 by the reaction with NaBH 4 in CH 3 OH, [8] and compound 4 was obtained in the form of 16(R)-epimer as in many other cases. [7,8,11a-c] Then dihydroisosteviol 4 was subjected to interaction with suberoyl chloride. In contrast with the known protocol [9] the reaction was carried out in CH 2 Cl 2 in the presence of pyridine and DMAP that allowed to increase the yield of diacid 5 up to 50 %. The reaction of diacid 5 with diols ditosylates was carried out following similar procedure as the synthesis of isosteviol esters [12] in CH 3 CN in the presence of K 2 CO 3 under reflux for 30-35 h. Surprisingly, in all cases, even in the reaction of diacid 5 with ethylene glycol ditosylate, binuclear macrocycles 7-9 appeared to be the main reaction products. They were isolated by chromatography in 23-38 % yields (Table 2) . Tetranuclear macrocycles were formed in low yields just in the reaction of diacid 5 with 1,6-n-hexanediol ditosylate that afforded the macrocycle 11 in 7 % yield, and in the reaction of diacid 5 with ethylene glycol ditosylate that afforded the macrocycle 19 (n = 6) 20 (n = 8) Macrocycles on the Basis of Diterpenoid 12 in 6 % yield. The fact that the reaction of diacid 5 having unfolded structure of 3b kind [10] (Figure 3 ) with ethylene glycol ditosylate possessing the length that is much less than the distance between the COOH groups of diacid 5 provided mainly the binuclear macrocycle 9, rather than tetranuclear macrocycle 12 was perfectly incomprehensible. This raised the question: perhaps the reason was that the structure of diacid 5 is not unfolded enough? Then we supposed that the increase of the distance between isosteviol moieties in diacid 5 should guarantee much unfolded structure and used diacid 6 (Scheme 1) as a starting compound for the macrocyclization because the diester linker binding isosteviol moieties in acid 6 is by two CH 2 units longer than the diester linker in acid 5.
Results obtained seemed to be unexpected. The reactions of diacid 6 with those ditosylates as in the case of diacid 5 under the same conditions led exclusively to binuclear macrocycles of 2c kind (Table 2) . Tetranuclear macrocycles of 2d kind ( Figure 2 ) were observed only in trace amounts (Table 2) . Thus, the reaction of diacid 6 with ditosylate of 1,8-n-octanediol afforded binuclear macrocycle 13 in excellent yield (86 %). The tetranuclear macrocycle 16 was not observed. The reactions of diacid 6 with ditosylates of 1,6-n-hexanediol and ethylene glycole afforded binuclear macrocycles 14 and 15 in good yields (36 % and 25 % respectively). Tetranuclear macrocycles 17 and 18 were observed by MS MALDI only in trace amounts.
Anyhow, reactions of diacid 5 and 6 with diols ditosylates provided macrocyclic derivatives in good yields (Table 2) . According to MS MALDI data, unreacted starting compounds and various by-products (derivatives of diacids 5, 6 as well as unclosed precursors of tetranuclear macrocycles 10-12, 16-18 having w-hydroxyalkyl and w-TsO-alkyl moieties) were presented in all reaction mixtures along with target macrocycles. We assumed that the TsO group is not highly reactive when interacting with isosteviol carboxyl group shielded by bulky C 18 H 3 and C 20 H 3 groups, and used so-called chloro-anhydride approach for the synthesis of macrocyclic isosteviol derivatives. For this purpose diacid 6 was converted to acid dichloride 20 according to known protocol.
[4c] In a similar way acid dichloride 19 was obtained from diacid 5 (Scheme 1). Then the macrocyclization of compounds 19 and 20 was performed by reactions with 1,8-n-octanediol, 1,6-nhexanediol, and ethylene glycol in CH 2 Cl 2 under reflux. The yields presented in Table 1 demonstrate that nothing new was achieved by the change of synthetic pathway to macrocyclic isosteviol derivatives. Likewise, binuclear macrocycles of 2c kind (Figure 2 ) appeared to be main products but their yields decreased in comparison with those achieved in the course of the tosylate pathway ( Table 2 ). As to tetranuclear macrocycles of 2d kind (Figure 2 ), reactions of acid dichloride 19 with diols afforded macrocycles 10-12 in low yields (2-3 %) . According to MS MALDI data, reactions of diacid chloride 20 with diols mentioned above did not lead to tetranuclear macrocycles 16-18 even in trace amounts.
Thus, tosylate and chloro-anhydride pathways of obtaining isosteviol macrocyclic derivatives from diacid 5 and 6 led to similar results. Moreover the reason why our hypothesis that a reaction of unfolded acid with a short binucleophile should afford exclusively tetranuclear macrocycles appeared to be a riddle.
The clue to the mystery was found when we have luck in growing the single crystal of diacid 6 and carried out X-ray diffraction study. Contrary to our supposition, it was found that diacid 6 possessing more longer linker between isosteviol moieties than diacid 5, in contrast with diacid 5, has not an unfolded structure of 3b kind (Figure 3 ) but has the maximum folding, sandwich-like structure presented in Figure 4 . It is obvious from Figure 4 that the molecular structure of diacid 6 is perfectly predisposed to a macrocyclization by a binucleophile whose length is close to the sebacoyl linker (n = 8) connecting isosteviol moieties. That is the reason for the reaction of diacid 6 with the ditosylate of 1,8-octanediol to give binuclear macrocycle 13 in such excellent yield (86 %). According to the X-ray data, macrocycle 13 preserved a sandwich-like structure which is presented in Figure 5 . Based on this fact one can suppose that the sandwich-like structure of diacid 6 is probably retained when going from the crystalline phase to a greatly diluted reaction solution. In principle this is not unusual case as the literature has provided the example of how one binuclear isosteviol derivative remained tweezer-like structure when going from a crystal to a greatly diluted reaction solution. [13] Probably the sandwich-like structure of diacid 6 is so thermodynamically stable in solution that it is still retained in the course of the reaction with ditosylate of ethylene glycol because the molecular structure of macrocycle 15 also resembles slightly distorted sandwich (Figure 6 ). The surprising thing was that the reaction of diacid 5 having unfolded structure of 3b type (Figure 3 ) in crystal [10] with the ditosylate of ethylene glycol afforded macrocycle 9 which also had sandwich-like structure according X-ray data ( Figure 7 ). This fact allow us to propose that either unfolded structure of diacid 5 independently turns into sandwich-like structure when going from crystal to the reaction solution or a structure reorganization occurs in the course of the reaction. The second version seems to be more probable but the fact demands a special study.
Conclusions
A series of binuclear and tetranuclear macrocyclic derivatives of diterpenoid isosteviol were obtained with the help of routine methods of organic synthesis. Isosteviol derivatives 5 and 6 synthesised by the reaction of dihydroisosteviol 4 with dicarboxylic acids dichlorides were used as a starting Macrocycles on the Basis of Diterpenoid material for macrocyclization. According to the X-ray data, the elongation of the linker connecting isosteviol moieties occurring when going from diacid 5 to diacid 6 up to only two methylene units results in the dramatic change in the molecular structure. Compound 5 has maximal unfolded molecular structure in crystal, while compound 6 has maximal folded, sandwich-like molecular structure in crystal. Both tosylate and chloro-anhydride pathways of macrocyclization led mainly to binuclear macrocycles obtained in 17-86 % yields. Exactly the sandwich-like molecular structure of starting compound 6 which is perfectly predisposed to the macrocyclization by the ditosylate of sebacic acid was the reason of the formation of binuclear mactocycle 13 in a very good yield (86 %). As regards to tetranuclear macrocycles, they were obtained by the macrocyclization of diacid 5 having folded molecular structure that confirmed our hypothesis. However, despite our hypothesis, the length of binucleophile used for macrocyclization was of no importance at all. The macrocyclization of diacid 6 having unfolded sandwich-like molecular structure did not afford tetranuclear macrocycle even when the most "short" binucleophile -ethylene glycol -was used. The yields of tetranuclear macrocycles 10-12 after chromatography on silica gel (2-7 %) were rather small and practically the same. In all probability, this is caused by a statistical factor -in terms of entropy the formation of two "small" molecules of binuclear macrocycle from two molecules of diacid 5 (or 6) and two molecules of ditosylate is more preferably than the formation of one "bulky" molecule of tetranuclear macrocycle.
